Summary. Rats injected i. p. with a single dose of nicotinamide (250 mg/kg) 15 min prior to i.v. injection of streptozotocin (65 mg/kg) develop a very mild form of diabetes characterized by slight elevations of plasma glucose, increased levels of HbA1, and reduced insulin secretion in response to an i.v. glucose tolerance test. These rats gain weight normally and they are not hyperphagic, glycosuric, or polyuric. The effects of this very mild form of diabetes vs overt streptozotocin diabetes of three months duration on regional vascular 131I-albumin clearance, blood flow (assessed by 15 p~m 85Sr-microspheres), and renal filtration function were examined in male SpragueDawley rats. Plasma glucose levels of rats with mild diabetes were 7.4+ 0.9 (mean+ SD) (retool/l) vs 6.5 + 0.6 for control rats and 31.3 _+ 6.0 for overtly diabetic rats. HbA 1 levels were increased 1.4 fold in mildly diabetic and 2.3 fold in overtly diabetic rats. Vascular clearance of 131I-albumin was markedly increased in ocular tissues (anterior uvea, retina, and choroid), sciatic nerve, aorta, new (subcutaneous) granulation tissue, and kidney of both diabetic groups, although increases in overtly diabetic rats exceeded those in the mildly diabetic group (2.2-4.6 times control animals vs t.6-3.3 times, respectively). Likewise, both overt and very mild diabetes markedly increased glomerular filtration rate (N1.8 times and 1.2 times control animals, respectively), urinary excretion of endogenous albumin (N9 times and 4 times) and IgG (N15 times and 4 times), as well as regional blood flow in the anterior uvea, choroid, and sciatic nerve. Increases in tissue sorbitol levels were much larger in overtly diabetic rats (generally 10-20 times control animals) than in mildly diabetic rats (1.5-3 times controls), myo-Inositol levels were significantly decreased only in lens and sciatic nerve of overtly diabetic rats. These observations indicate that even very mild diabetes is associated with vascular functional changes which develop more slowly than in overtly diabetic rats, but are disproportionately large (in view of the minimal increases in glycaemia and tissue polyol levels) compared to those in overtly diabetic rats.
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Keywords: Nicotinamide, streptozotocin, albumin permeation, glomerular filtration rate, blood flow, urinary protein excretion.
Despite the apparent wide variability in the relationship between the degree of metabolic control and the onset and progression of diabetic complications, the link between hyperglycaemia and complications is no longer questioned by most investigators. Although not all studies are in agreement, a growing number of reports indicate that the duration and/or severity of diabetes are positively correlated with the cumulative incidence and/or severity of all of the late complications of diabetes including retinopathy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , nephropathy [4, [16] [17] [18] [19] [20] [21] [22] [23] [24] , neuropathy [4, 8, 16, [25] [26] [27] , and large vessel disease [4, 8] . On the other hand, very little is known about the degree of glycaemic control required to avoid vascular complications of diabetes. Indeed, characteristic diabetic neuropathy, retinopathy, and/or nephropathy are occasionally observed in individuals with minimal or no evidence of carbohydrate intolerance as well as in newly diagnosed diabetic patients [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Recent studies in animal models of diabetes indicate that many of the early structural and functional vascular changes associated with poorly controlled diabetes are linked to increased metabolism of glucose to sorbitol [37] . These changes include retinal microaneurysms in dogs [38] , thickening of basement membranes in retinal and glomerular capillaries in dogs [38, 39] and in retinal capillaries of rats [40] [41] [42] , and increased vascular albumin permeation and blood flow in ocular tissues, sciatic nerve, and kidney of rats [43] [44] [45] [46] . In rats with overt (severe) streptozotocin diabetes of three weeks duration, vascular albumin permeation is markedly in-creased in ocular tissues, sciatic nerve, aorta, and kidney, as well as in new granulation tissue formed in the diabetic milieu [45] . Inhibitors of aldose reductase completely prevent these increases in vascular albumin permeation.
In contrast, rats with very mild diabetes of three weeks' duration manifest increased albumin permeation in new granulation tissue and kidney (although not as marked as in overtly diabetic rats) but not in the other tissues enumerated above [45] . These mildly diabetic rats are neither hyperphagic nor polyuric and they gain weight normally. Twenty-four hour urine glucose excretion is increased less than twice that of control values (vs ~150-fold increases in overtly diabetic rats). Plasma glucose levels are elevated only -1.15 times controls (vs 4.8-fold for overtly diabetic rats) and increases in HbA1 levels are approximately one third of those observed in overtly diabetic rats. This mild form of diabetes was produced by injecting nicotinamide immediately prior to injection of streptozotocin, a technique which has been widely used to prevent induction of diabetes by streptozotocin [47] [48] [49] [50] [51] [52] . In our hands, however, the protective effect of nicotinamide administered in this fashion is incomplete and virtually all of the rats develop a very mild form of diabetes as described.
The present study was undertaken to: 1) assess and compare the effects of very mild vs overt diabetes of three months duration on regional blood flow and vascular filtration function, 2) examine the relationship of these changes to glycaemia and tissue sorbitol and myoinositol levels, and 3) further characterize the structural and functional abnormalities of pancreatic B cells in this model of mild diabetes.
Materials and methods

Experimental design
Male Sprague-Dawley rats, initially weighing -300 g, were divided in four groups: (1) non-diabetic control rats (n =21), (2) non-diabetic rats given a single injection of nicotinamide (250 mg/kg body weight in 154 mmol NaC1/1) i.p. at the start of the study (n = 19), 3) overtly diabetic rats (n = 14) in which diabetes was induced by i.v. injection of 65 mg/kg body weight streptozotocin (Sigma Chemicals, St. Louis, Mo, USA), and 4) rats with very mild diabetes (n = 24) produced by injecting nicotinamide (250 mg/kg body weight) i.p. 15 min prior to injecting streptozotocin (65 mg/kg body weight). At the time of induction of diabetes, a piece of sterile polyester fabric was implanted s. c. in all rats to induce formation of new granulation tissue as in previous experiments [45, 53] . Rats were fed a diet of pelleted food (Ralston Purina Rodent Lab Chow 5001, St.Louis, Mo, USA) and allowed water ad libitum.
Body weights were measured weekly, plasma glucose levels (nonfasting) were measured biweekly using the hexokinase method [54] , and nonenzymatic glycosylation of Hb was determined by the thiobarbituric acid method [55] from blood taken immediately prior to killing the animals. Twenty-four hour urine volumes (ml. kidney-1. 24 h-1) and food consumption (g-100 g body weight-~. 24 h-1) were measured at 6, 9, and 12 weeks. Three months after induction of diabetes, the animals were randomly assigned to three different ex-G. Pugliese et al. :: Vascular function in very mild diabetes perimental protocols: (1)assessment of vascular permeation by ~31I-albumin (BSA) and glomeru]ar filtration rate (GFR) (six to nine rats per group), (2) assessment of regional blood flow and tissue polyol levels (six rats per group), and (3) i.v. glucose tolerance tests (eight rats per group, overtly diabetic rats were not subjected to glucose challenge).
Protocol for assessment of regional vascular albumin permeation, GFR, and urinary albumin and IgG excretion in the same animal
In order to investigate relationships between GFR, vascular albumin permeation, and urinary albumin excretion in diabetic rats we have utilized an experimental protocol which permits the assessment of GFR (estimated by renal plasma clearance of 57Co-EDTA) and regional and renal vascular permeation by 131I-BSA concurrently in the same animal following collection of 24 h urine samples for quantification of urinary excretion of ,endogenous albumin and IgG. Because conventional methods for assessment of GFR by inulin clearance involve cannulation of the bladder followed by continuous infusion of inulin and collection of urine samples over an extended time period, we were concerned that these interventions and the very long period of anaesthesia required might impact on the assessment of vascular albumin permeation. Therefore, we have utilized an altemative approach for the assessment of GFR based on plasma clearance of 57Co-EDTA during a 2-min tracer circulation time [56] as described below.
Preparation of radiolabelled tracers
Purified monomer BSA was iodinated with 1 mCi of either 125I or 131I (NEN Research Products, Boston, Mass., USA) using the lactoperoxidase method [57] as previously described [58] . 57Co-EDTA was prepared by the method of Bridge et al. [59] . Immediately prior to use an aliquot was passed through a 4 cm column of Dowex 50 (Sigma Chemicals, St. Louis, Mo, USA), to remove trace amounts of free 57Co + +.
Animal preparation
Rats were anaesthetised with inactin (Byk Gulden, Konstanz, FRG) ( 400 mg/kg body weight injected i.p.), the left femoral vein and both iliac arteries were cannulated with polyethylene tubing (0.58 mm internal diameter) filled with heparinized saline (400 U heparin per ml of 154 mmol NaC1/1), and the trachea was cannulated and connected to a small rodent respirator for continuous ventilatory support. The femoral vein cannula was used for tracer injection, the left iliac artery cannula was connected to a withdrawal pump for GFR (and for blood flow, see below) measurements, and the right iliac artery was connected to a pressure transducer for continuous monitoring of blood pressure. The right iliac artery cannula was also used for withdrawing arterial blood samples during the experiment.
At time 0, 131I-BSA (in 0.2 ml of 154 mmol NaC1/1) was injected i.v.; 0.3 ml arterial blood samples were obtained 1 and 5 min later. Immediately following each arterial withdrawal an equal volume of 154 mmol NaCI/1 was injected i.v.. Eight min after time 0, 0.1 ml of 57Co-EDTA and 0.1 ml of 125I-BSA (the vascular reference marker), were injected simultaneously and the withdrawal pump was started at 0.34 ml/min. Two min later an arterial blood sample was obtained, the pump was stopped, the heart was excised to stop all blood flow, and various tissues including one kidney were sampled and total bladder urine was recovered for quantitation of each tracer by gamma spectrometry.
Each tissue sample was thoroughly rinsed in 154 mmol NaC1/1 to remove all contaminating blood. Each eye was rinsed in 154mmol NaC1/1 to remove blood contaminating the surface, then quickly frozen in liquid nitrogen. While still frozen, eyes were cut with a razor blade into anterior and posterior segments just posterior to the ora ser-rata and the lens was removed from the anterior segment. The posterior segment was allowed to thaw partially, the vitreous was removed and discarded, and the entire retina was dissected free from the choroid-sclera portion. Corresponding tissues from both eyes were pooled prior to quantification of their tracer content. Tissue and urine samples as well as arterial plasma samples were weighed, counted in a gamma spectrometer interfaced with a Hewlett-Packard 1000A computer in which the data were corrected for background and spillover, then stored for subsequent analysis. 847 assessment of albumin permeation and GFR except that the femoral vein was not cannulated and the chest wall was opened to expose the heart for subsequent microsphere injection. When the blood pressure had stabilized (N10min), the withdrawal pump was started at 0.34 ml/min and the microspheres were injected slowly over a 10-15 s interval via the left ventricular chamber. The withdrawal pump was stopped 90 s later, the heart was excised, and tissues were sampled and processed for gamma spectrometry as described above after extraction of sorbitol and myo-inositol as described below.
Calculation ofm I-BSA vascular clearance and GFR
Vascular clearance of 131I-BSA in tissues was calculated as described previously [60] and expressed as ~tg plasma.g tissue wet weight -1-rnin-1. Very briefly, 131I-BSA activity in each tissue was corrected for "tracer contained within vessels which was determined by multiplying 125I-BSA activity in the tissue by the ratio of 131I-BSA/125I-BSA activities in the arterial plasma sample obtained at the end of each experiment. The vascular-corrected 131I-BSA tissue activity was then divided by a time-averaged 13q-BSA plasma activity (obtained from plasma samples taken at 1, 5, and 10 rain after tracer injection) and by the tracer circulation time (10 min) and normalized per g tissue wet weight.
Renal clearance of 131I-BSA was obtained similarly except that half of the bladder urine 131I-BSA activity was added to the vascularcorrected 131I-BSA kidney activity (assuming that both kidneys contributed equally to urine production). A quantitative estimate of GFR based on plasma clearance of 57Co-EDTA was also calculated in the same manner as for a31I-BSA clearance using the time-averaged 57Co-EDTA plasma activity obtained from the withdrawal pump blood sample [56] .
Since the renal content of 131I-BSA and 57Co-EDTA includes tracer that has permeated postglomerular peritubular capillaries into the interstitium as well as tracer filtered by glomerular capillaries into the urinary space, it is important to note that the interstitial space constitutes N13% of the wet weight of the kidney [61] [62] [63] . Thus, even if the renal interstitial space is fully equilibrated with plasma 57Co-EDTA after 2 min of tracer circulation, the error resulting from interstitial accumulation of tracer is less than 10% in control rats and is reduced to less than 5% in diabetic rats (because of the increase in GFR). On the other hand, plasma clearance of 131I-BSA during the 10 min tracer circulation time is a relatively small fraction of the interstitial space of the kidney and we do not know how much of the tracer clearance represents glornerular filtration vs permeation of peritubular capillaries into the interstitium. Therefore, the increase in renal 131I-BSA clearance in diabetic rats must be viewed as evidence of an increase in overall renal filtration of radiolabelled tracer.
Assessment of urinary excretion of endogenous albumin and IgG
Six, nine, and twelve weeks after initiating the study rats were placed in individual metabolic cages with free access to food and water, and 24 h urine samples were collected in jars containing sodium azide (1 rag), NaEDTA (7.4mg), and protease inhibitors (0.25 mg Nethylmaleimide, 0.17 mg of phenylmethylsulfonyl fluoride, and 1 txg of Pepstatin). Albumin and IgG concentrations were quantified from an aliquot of urine by radial immunodiffusion assay [56] and excretion rates were expressed as rag-kidney-1.24 h -1.
Protocol for assessment of regional blood flow
Regional blood flows (expressed as ml blood, g tissue wet weight-1. min-~) were measured by using 85Sr-labelled, 15 p~m diameter microspheres (NEN Research Products, Boston, Mass, USA) as described previously [46, 56, 60] . Animals were prepared as described above for
Quantification of tissue polyol levels
Tissue polyol levels were quantified as their butylboronate derivatives by gas chromatography-mass spectrometry by a method recently reported by Eades et al. [64] which permits separation and quantification of sorbitol, galactitol, mannitol, and myo-inositol. Very briefly, approximately 50 nag of tissue was extracted with 1 ml of water at 100~ for 15 rain in the presence of the inte, rnal standard d6 -myoinositol (30 ng/~d). The extract was deproteinized by the addition of 100 lxl each of 0.3 normal zinc sulfate and 0.3 normal barium hydroxide and then centrifuged. The pellet was utilized for quantification of 85Sr by gamma spectrometry as described above. The supernatant was lyophilized and derivatized with n-butylboronic acid (100 mg/ml extract) for analysis of polyols as their triboronate derivatives. The gas chromatographic-mass spectrometric analysis was performed using electron ionization at 713, electron volts with helium carrier gas at 1 ml/min with a 10:1 split ratio in a 15 meter DB-17 capillary column at 208~ run isothermally. Elution times were 1.7 min for mannitol, 2.07 min for sorbitol, 2.37 rain for myo-inositol, and 2.56 rain for galactitol.
Protocol for i. v. glucose tolerance test ,
Overnight fasted rats were anaesthetized with inactin (100 mg/kg body weight injected i.p.), and a femoral vein and carotid artery were cannulated for glucose injection and blood sampling, respectively. At time 0, an arterial blood sample was withdrawn into a syringe containing EDTA, 0.5 g/kg body weight glucose was injected i.v. [65] , and arterial blood was sampled 1, 2, 4, 10, and 20 min later. These plasma samples were used for the assessment of glucose and insulin concentrations by the hexokinase method [54] and radioimmunoassay [66] , respectively, using rat insulin as the standard. The inter and intra insulin assay coefficients of variation were 10.2 and 9.8%, respectively.
Morphology of pancreatic islets
A portion of the pancreas was removed at the time of killing and placed in 10% formalin containing 10% calcium acetate for examination of the islets of Langerhans by light microscopy. The tissue was rinsed thoroughly in buffer prior to embedding in paraffin using standard techniques. Five ~tm sections were stained with hematoxylin and eosin or aldehyde fuchsin, and were examined without knowledge of the group designation.
Statistical analysis
Except for urine volumes and protein excretion data, all data are expressed as means _+ SD. Because of the large variance in urine volume and protein excretion data, these parameters are expressed as the antilogs of the mean (mean J: 1 SD in parentheses) of In transformed data. Since all of the parameters assessed in control rats and in nondiabetic control rats injected with nicotinamide were identical, data from both control groups were combined in the tables and for all statistical analyses. Relationships between regional 131I-BSA clearance and blood flow, parameters of renal function and glycaemia were as-sessed by Spearman's rank correlation coefficient [67] . Effects of diabetes on parameters of renal function which were measured repeatedly (at six, nine, and twelve weeks) were assessed by a repeated measures analysis of variance [68] .
An analysis of variance of all parameters was performed using the SAS general linear models procedure [69] . In order to reduce potential type I errors related to multiple comparisons, overall differences among groups for each parameter were assessed by the Van der Waerden test [70] , a global test which makes no assumptions regarding data distribution. If the Van der Waerden test indicated that differences among groups were statistically significant at p < 0.01 for a given parameter, pair-wise comparisons were assessed by least square means. Because of the large variance in tissue polyol levels and in some parameters of renal function, i.e., urinary protein excretion, a nonparametric (rank order) Blom transformation [71] of all of the data was performed prior to assessment of differences between groups.
Although a relatively large number of comparisons can be made for the data shown in some of the tables, only a small number of them address the hypotheses tested in this investigation. The remaining comparisons either confirm previous observations or are descriptive in nature and not central to the hypotheses investigated. For this reason we have reported uncorrected pvalues (based on two-tailed tests of significance) for the relevant comparisons shown in the tables, pvalues corrected for multiple comparisons (by the Bonferroni method, [72] ) have been provided for the data shown in each of the tables. The number of comparisons used for Bonferroni corrections in each table was determined by multiplying the three paired comparisons between groups by the number of parameters in the table for which the Van Der Waerden test was significant at p < 0.01.
Results
Metabolic parameters
Differences in body weight, plasma glucose, HbAa, and food consumption shown in Table I all attest to the mildness of the diabetic milieu in the "mild" diabetic group. Basal arterial plasma levels of insulin and glucose did not differ between controls and mildly diabetic Fig.2 . Plasma insulin levels (x_SD) during an i.v. glucose tolerance test (0.5 g glucose injected/kg body weight). Groups as described in legend of Figure 1 rats ( Fig. 1 and 2 ). While plasma glucose levels of the mildly diabetic group did not differ significantly from those of either control group at any time during the IVGTT, the total glucose area under the curve was increased by -25% (14.0+ 1.8 mmol/1.min and 11.5+ 1.2, respectively; t-4.1, p<0.001). In contrast, 1rain after glucose injection plasma insulin levels in the mildly diabetic group were 50% lower than controls and remained 40% of the control values at eve12r time interval thereafter (total insulin areas under the curve were 1.0 +__ 0.6 ~tg. ml-t. min and 2.2 +__ 0.6, respectively; t= 4.7, p <0.001).
Histologic changes in the islets of Langerhans
There were no obvious differences in the appearance of the islets of Langerhans in any of the four groups of rats in hemotoxylin-eosin stained sections. Aldehyde fuchsin stained sections (Fig. 3) revealed moderate degranulation of B cells of the mildly diabetic group, marked or moderate degranulation of B cells in the overtly diabetic group, and no difference in B cell granulation of the group given nic, otinamide alone vs the control group. 
Kidney filtration function
Van der Waerden tests indicated that group differences were significant at p < 0.0001 for renal clearance of 131I-BSA and GFR at twelve weeks and at p <0.005 to < 0.0001 for urine volume and 24 h urinary excretion o f albumin and IgG at six, nine, and twelve weeks. Group differences were not significant for kidney weight (p<0.41) or renal blood flow per kidney (p < 0.37). Although absolute kidney weights (Table 2) did not differ among the three groups of rats, if expressed per 100 g body weight they were increased 1.9 fold in the overtly diabetic group but still did not differ from controls in the mildly diabetic group. Likewise, while renal blood flow per kidney did not differ among the groups, if expressed per g kidney renal blood flow was increased in the overtly diabetic group (p < 0.001) vs all other groups (Table 2) . Renal t31I-BSA clearance and GFR were significantly increased approximately twice and 1.4 fold in the overtly and in the mildly diabetic groups, respectively (Table 2) .
Urine volumes in mildly diabetic rats were not significantly increased in contrast to the approximately 19 fold increase in urine volume in the overtly diabetic group (Table 2) . Urinary albumin and IgG excretion (Table2 and Fig.4) were significantly increased (p < 0.0001 by repeated measures analysis of variance) in mildly and overtly diabetic rats vs control rats and in overtly vs mildly diabetic rats. Excretion of both proteins also increased significantly over time for all three groups together (p < 0.0001 by repeated measures analysis of variance). This was accounted for by -2.4 fold increases Significantly different from control rats: Cp<0.0001; dp<0.0005; ep<0.001. Significantly different from overt diabetic rats: fp < 0.0001 ; g p < 0.001; h p < 0.005; i p < 0.0"l. After Bonferroni adjustment for multiple [27] comparisons, pvalues < 0.0001, < 0.0005, and < 0.001 remain significant at p<0.003, <0.015, and <0.03, respectively, t31I-BSA=al-bumin in albumin and IgG excretion in overt diabetics (t7 < 0.007) and by approximately twofold increases in excretion of both proteins (p < 0.001) in mild diabetic animals (Fig.4) . Corresponding M.2-fold increases in excretion of both proteins in control rats were not statistically significant. Thus, urinary albumin and IgG excretion at twelve weeks were increased four times the control rats in the mildly diabetic rats without an increase in urine volume in contrast to the ll-and 15-fold increases in albumin and IgG excretion associated with a ~19-fold increase in urine volume in overtly diabetic rats. Group differences for urinary albumin concentration were statistically significant at p <0.01 only at twelve weeks (Fig.4 ), but were significant for urinary IgG concentration at nine and twelve weeks (p < 0.0004 and p < 0.005, respectively). The urine concentration of albumin and IgG in mildly diabetic rats was approximately four times higher (p < 0.0001) than in control rats and in overtly diabetic rats at six, nine, and twelve weeks. The concentration of albumin and IgG did not increase significantly with time in any of the groups (Fig. 4) .
Regional blood flows
Van der Waerden scores indicated that significant group differences in blood flow were present in anterior uvea (p < 0.0008), choroid-sclera (p < 0.002), and sciatic nerve (/7 < 0.003), but not in the retina (p < 0.63), new granulation tissue (p<0.08), or forelimb muscle (p<0.024). Blood flow was significantly increased t2-1.5 times control values in the anterior uvea, posterior uvea, and sciatic nerve (but not in forelimb muscle, retina, or new granulation tissue) in both mild and overtly diabetic animals ( Table 3 ). The failure of the 50% increase in forelimb muscle blood flow in overt diabetics to achieve statistical significance may reflect an overly conservative criterion for determination of statistically significant group differences (i. e., p < 0.01), since the p value for the Van der Waerden test was significant at p < 0.024 and p values for paired comparisons were significant for overtly diabetic vs control rats at p < 0.03 and vs mildly diabetic rats at p < 0.01.
Regional 131I_BSA clearance
Group differences in 131I-BSA clearance were significant at p < 0.0001 for anterior uvea, choroid-sclera, retina, sciatic nerve, aorta, and new granulation tissue; they were not significant for' heart, skin, forelimb muscle, or testis (p <0.45 to 0.98). In both overtly and mildly diabetic rats 131I-BSA clearance was significantly in- 
Relationship between changes in vascular filtration function and glycaemia
The incremental increase in vascular clearance (filtration) of t3tI-BSA in various tissues (as well as renal clearance of 57Co-EDTA and excretion of endogenous albumin and IgG) per unit increase in HbA1 in mild diabetic vs the control rats is shown in Figure 5 as a ratio of the corresponding increase in vascular 13tI-BSA clearance per unit increase in HbAt for overt vs mild diabetic rats. For example, in the sciatic nerve of mildly diabetic rats plasma clearance of 13tI-BSA was increased by 75 ~g plasma.g nerve-1. min-1 (from data in Table 4 ) with a corresponding increase of 0.44 nmol hydroxymethylfurfural (HMF)/mg Hb (from data in Table 1 ). Thus, the increase in plasma clearance of 131I-BSA per nmol increase in HMF/mg Hb in mildly diabetic vs control rats was 170 Ixg plasma/A nmol HMF; in contrast, the increase in 13aI-BSA clearance in overtly vs mildly diabetic rats was only 47 ~tg plasma/A nmol HMF. The ratio of these incremental increases in t31I-BSA clearance per unit increase in HbAI, i.e., 170+47, is 3.6 as shown in Figure 5 . Similar 3-4.5 fold increases in 131I-BSA clearance per nmol increase in HMF/mg Hb in mildly vs overtly diabetic rats were observed in the anterior uvea, posterior uvea, and kidney. An even higher ratio of 6.7 was observed in new granulation tissue vessels. Thus, in these tissues the incremental increase in vascular 131I-BSA clearance per unit increase in glycaemia was much larger in rats with mild diabetes than in those with severe diabetes. In contrast, the ratios were only 1.2 in aorta, 1.4 in retina, 0.7 for GFR and 24 h urinary excretion of IgG, and 1.0 for urinary excretion of albumin. These lower ratios indicate that vascular albumin permeation (and glome~alar filtration of 57Co-EDTA and endogenous proteins) increased relatively linearly in these tissues with increasing glycaemia throughout the range of blood glucose levels observed in these experiments. Since the method used to assess t3q-BSA clearance in the kidney in, these experiments includes (and may reflect primarily) 13tI-BSA filtered across peritubular capillaries as well as that filtered across glomerular capillaries (as discussed in the Methods section), a Mean +_ SD in nmol/g tissue; number of animals in parentheses (n). Significantly different from control rats: b p < 0.0001 ; c p < 0.0005; d p < 0.001; e p0.005 ; fp < 0.01. Significantly different from overt diabetic rats: g p < 0.0001 ; h p < 0.005; i p < 0.01. After Bonferroni adjustment for multiple [30] comparisons, p < 0.0001, < 0.0005, and <0.001 remain significant at p<0.003, <0.015, and <0.03, respectively changes in GFR and urinary protein excretion are undoubtedly better indices of glomerular capillary filtration function than changes in 131I-BSA clearance per unit change in glycaemia shown in Figure 5 .
Tissue polyol data
Group differences for tissue sorbitol levels were significant for every tissue shown in Table 5 at p < 0.01 to 0.0001 except for erythrocytes (p < 0.025). In most tissues sorbitol levels were increased 1.5-2.5 times the control values in mildly diabetic rats vs 10-15 fold increases in overtly diabetic rats. Group differences in myo-inositol levels were significant by the Van der Waerden test only for lens (p<0.0015) and sciatic nerve (p < 0.005). These group differences were attributable to marked decreases in myo-inositol levels in the lens and sciatic nerve of overtly diabetic rats (Table 5) .
Correlations
Correlations between regional tissue t3tI-BSA clearance values, mean plasma glucose levels, HbAb urinary albumin and IgG excretion, and GFR are shown in Table 6 . Both mean plasma glucose and HbA1 values correlated strongly with 131I-BSA clearance (in those tissues in which 131I-BSA clearance was increased by diabetes) as well as with GFR and urinary excretion of endogenous albumin and IgG; in some tissues rvalues were higher for HbA1 than for mean plasma glucose values and in others the converse was observed. Both GFR and renal 131I-BSA clearance were strongly correlated with 13aI-BSA clearance in all ocular tissues as well as in the sciatic nerve, aorta, and new granulation tissue; while urinary excretion of endogenous albumin and IgG also were strongly correlated with 131I-BSA clearance in these same tissues, the correlations were not quite as strong as those for GFR and 13tI-BSA clearance. 131I-BSA clearances in ocular tissues, kidney, nerve, aorta, and new granulation tissue were all significantly correlated with each other (p < 0.001); however, the correlations tended to be slightly stronger between ocular tissues, sciatic nerve, kidney, and aorta (r = 0.72-0.88) than for retina and new granulation tissue (r = 0.64-0.77). Blood flow in the anterior uvea was strongly correlated with that in the c]~oroid (r = 0.83, p < 0.0001) and sciatic nerve (r = 0.55, p = 0.018) but not with that in the retina (r = 0.19, p = NS); blood flow in the choroid was significantly correlated with retinal blood flow (r = 0.46, p = 0.05) as well as blood flow in the sciatic nerve (r = 0.54, p = 0.02). In none of the ocular tissues or in sciatic nerve was blood flow significantly correlated with renal blood flow. Granulation tissue blood flow was strongly correlated with that in the anterior uvea (r = 0.64, p = 0.01) but not with blood flow in any of the other tissues examined.
Discussion
These observations confirm and extend our previous findings that blood flow and vascular albumin permeation are markedly increased in overtly diabetic rats in tissues which correspond to sites of clinically significant vascular disease in human diabetic patients [43] [44] [45] . The demonstration that very mild diabetes of three months duration increased vascular albumin clearance in every tissue in which albumin clearance is increased in overtly diabetic rats is of particular interest in view of the absence of any detectable increase in vascular albumin permeation (except in the kidney and granulation tissue) after mild diabetes of only three weeks' duration [45] . These observations suggest that: (1) functional consequences of mild glycaemia develop earlier and are more marked in the kidney and in new vessels formed in the diabetic milieu than in ocular tis- Table 6 . Correlations* between regional tissue ~31I-BSA clearance, plasma glucose levels, HbA1, urinary albumin and IgG excretion, and glomerular filtration rate 131I-BSA Clearance * Spearman correlation coefficients: n =24-31 except for correlations involving urinary albumin excretion, urinary IgG excretion, and plasma glucose (n = 50-55) and correlations involving HbA1 (n = 16 for correlations involving HbA1 and clearance data, and n =40 for correlations of HbA1 with urinary albumin excretion, urinary IgG excretion, and plasma glucose). All correlations (rvalues) are significant at p < 0.0001 except those indicated: a p < 0.0005, b p < 0.001, c p < 0.002, d/7 < 0.005, e p < 0.01. After Bonferroni adjustment for multiple [66] comparisons, p values < 0.0001, < 0.0005, and < 0.001 remain significant at p < 0.007, < 0.03, and < 0.07, respectively. 131I-BSA = albumin sues, sciatic nerve, and aorta, but that (2)very mild diabetes of sufficient duration leads to increased vascular albumin clearance in the latter tissues, albeit less severe than in overtly diabetic rats. In contrast to the relatively long duration of mild diabetes required to develop significant increases in vascular albumin clearance in ocular tissues, sciatic nerve, and aorta, albumin clearance is increased in all of these tissues three to seven days after the onset of overt diabetes and reaches essentially maximal values in three to four weeks. On the other hand, in keeping with observations of other investigators [73, 74] , urinary excretion of endogenous albumin and IgG continued to increase with increasing duration (between 6 and 12 weeks) of mild as well as overt diabetes; after 12 weeks, urinary albumin excretion in mildly diabetic rats was similar to that in rats with overt diabetes of six weeks' duration.
The finding that the incremental increase in vascular albumin clearance per unit increase in glycaemia in mild vs overt diabetic rats varies considerably in different tissues (Fig. 5) has several interesting implications for the role of hyperglycaemia per se in the onset and progression of vascular filtration changes associated with late complications. First, there may be no distinct glycaemic threshold below which vascular filtration changes associated with diabetes can be predictably avoided in any tissue. Second, in some tissues such as the anterior and posterior uvea, sciatic nerve, and new vessels formed in the diabetic milieu, there may be a relatively moderate level of glycaemia above which relatively little additional vascular injury is incurred. Third, in other tissues such as the retina, aorta, and kidney there may be no threshold of glycaemia above which further vascular injury is not incurred. Fourth, improvement of glycaemic control in diabetic subjects with mild to moderately elevated plasma glucose levels may be more efficacious than reducing marked elevations in glucose to moderate levels in preventing or retarding the onset and progression of vascular injury.
The demonstration that tissue sorbitol levels were significantly elevated in most tissues of mildly diabetic rats in which albumin clearance was increased is consistent with the likelihood that increased metabolism of glucose via the sorbitol pathway is important in mediating vascular functional changes in subjects with very mild, as well as in those with very poorly controlled, diabetes [37] . |t can be readily appreciated from the data in Tables 3 and 5 that increases in vascular albumin clearance per unit increase in sorbitol level were much greater in mildly diabetic rats than in overtly diabetic rats (in keeping with the relationship between vascular filtration changes and glycaemia as discussed above). On the other hand, since tissue sorbitol levels represent the difference between rates of sorbitol synthesis and oxidation to fructose, differing sorbitol levels in different tissues do not necessarily imply differences in the rate of sorbitol metabolism or in the importance of sorbitol metabolism in the pathogenesis of associated vascular functional changes which are markedly reduced or completely prevented in all tissues by inhibitors of aldose reductase [37, 751. The finding that an increase in vascular albumin clearance in one tissue was generally strongly correlated with corresponding ~ncreases in other tissues is consistent with the observations of Feldt-Rasmussen [76] that the whole body transcapillary escape rate of albumin is increased in patients with (but not in those without) microalbuminuria. This observatior~ also has interesting and potentially important implications regarding the relationships between clinically significant vascular complications in human diabetic patients. First, the strong correlations between increased 13tI-BSA clearance in the aorta, ocular tissues, nerve, and kidney suggest the possibility that increased vascular permeation by plasma macromolecules (including atherogenic lipoproteins) may play an important role in the pathogenesis of accelerated macrovascular as well as microvascular complications of diabetes and is consistent with the concurrence of clinically significant complications in these same tissues [3, 4, 8, 12, 18, 20, . Since permeation of the anterior uveal vasculature by tracers can be readily assessed (by their accumulation in the anterior chamber aqueous humour) by fluorometric techniques in humans [83] , the strong correlations between ~31I-BSA clearance in the anterior uvea, retina, nerve, and kidney (as well as GFR) suggest the feasibility of monitoring changes in anterior uveal vascular tracer permeation as an index of vascular filtration changes in other tissues.
In view of the small number of animals available for assessment of blood flow, the absence of statistically significant differences between groups in which mean blood flow differed appreciably from each other may simply reflect the small sample size. This explanation, however, would not appear to account for the absence of significant differences in blood flow in the retina and new granulation tissue in which the mean and SD of blood flow were very similar for overtly diabetic and control rats. The absence of significant differences in blood flow in these tissues is in contrast to previous studies in which blood flow was appreciably increased in these same tissues in rats with overt diabetes of 6 weeks duration [43, 44] . The apparent decreases in blood flow (in retina and granulation tissue) with longer duration of diabetes are consistent with evidence that GFR is increased in humans early after the onset of poorly controlled diabetes but falls to below normal levels with progression of renal vascular disease [84] [85] [86] [87] [88] [89] . The greater increase in sciatic nerve blood flow in the mildly diabetic rather than in overtly diabetic rats may correspond to an earlier stage in the evolution of haemodynamic changes corresponding to the increased blood flow observed in galactose-fed rats and in rats with overt diabetes of shorter duration in previous studies [37, 46] . The discordance between the marked increases in 131I-BSA clearance but not of blood flow in retinai and granulation tissue is consistent with similar observations in other studies [43, 46] and supports the hypothesis that increased vascular albumin permeation induced by diabetes is largely due to impaired endothelial junctional integrity (rather than a consequence of haemodynamic changes) while changes in blood flow reflect impaired contractile function of smooth muscle cells in resistance arterioles.
Since blood flow was not increased in all tissues of diabetic rats and since increases in blood flow were not associated with a change in mean arterial blood pressure, vascular resistance must be selectively decreased in the affected tissues. This would permit transmission G. Pugliese et al.: Vascular function in very mild diabetes of arterial blood pressure further downstream beyond the resistance arterioles resulting in microvascular hypertension in the absence of any !increase in (arterial) blood pressure. The only vessels in which an increase in transcapillary hydraulic pressure has been reported in diabetic animals are glomerular capillaries [74, 90, 91] . The finding that diabetes-induced increases in GFR (and in blood flow per g kidney in overtly diabetic rats) were not accompanied by an increase in mean arterial pressure is consistent with observations of numerous other investigators in diabetic rats [74, [90] [91] [92] [93] . Thus, the present observations support the hypothesis that microvascular hypertension develops in selected tissues early after the onset of diabetes [85, 89] . On the other hand, they do not clarify the disputed nature of the role of microvascular hypertension in the pathogenesis of diabetic microvascular disease [94] . The decreased resistance of the microvasculature in these tissues may also make them more susceptible to the impact of an elevation in systemic blood pressure. This could explain, at least in part, the association between arterial blood pressure and the development and/or progression of diabetic retinopathy and nephropathy [95] [96] [97] [98] . Indeed, in diabetic rats with hypertension glomerular lesions are more severe than in normotensive diabetic rats [99] , vascular albumin permeation is increased in the eyes, kidneys, and aorta [100] , and albuminuria is dramatically increased to N15 times that of normotensive diabetic rat values.
The fact that increases in GFR and in t31I-BSA clearance (but not blood flow) as well as increased urinary excretion of endogenous albumin and IgG in mild as well as in overtly diabetic rats were highly significant regardless of how the data were expressed (i. e., per kidney, per g kidney, or per 100 g body weight (data not shown)) attests to marked alterations in glomerular filtration function which are independent of renal hypertrophy and differences in body weight and/or composition. Although renal hypertrophy and increases in GFR are often associated phenomena in diabetic animals [94] the present observations (and conc, lusions) are consistent with those of Christiansen et all [101] and of Wiseman et al. [102] that improved glycaemic control in human diabetes resulted in reduction of GFR without any change in renal size.
The apparent absence of renal hypertrophy (absolute kidney weight) in the diabetic rats in this study contrasts with the increased kidney weight observed in rats with diabetes of shorter duration [74, [90] [91] [92] [103] [104] [105] [106] , and unpublished studies]; this discrepancy may simply reflect the relatively larger kidney size in the control rats (attained because of the longer duration of this study). While the possibility that the absence of renal hypertrophy may also be related to the severity of diabetes (as reported by Hostetter et al. [90] ) cannot be excluded, it is of interest that GFR was markedly increased in overtly diabetic rats (twice that of the control rats) in contrast to the decrease in GFR to 0.7 times that of control rats ob-served by Hostetter et al. The finding that kidney size in overtly diabetic rats was increased twice that of controls, if expressed per 100 g body weight, may reflect, in part, marked differences in body composition (as well as body weight) of diabetic and control rats related to loss of adipose tissue in diabetic rats.
While the GFR in control rats is at the lower end of the range of values reported by other investigators, it is in good agreement with values reported by Ortola et al. [92] and Craven et al. [105] . Since GFR values in overtly diabetic rats agree closely with values reported by many other investigators [90-92, 103, 104, 106] , we think it is unlikely that the relatively lower GFR values in the control rats reflect basic methodological differences in assessing GFR. In any case, under the conditions of these experiments, the method we have used to assess GFR clearly distinguishes between the control, overtly diabetic, and mildly diabetic rats.
The demonstration of significant haemodynamic and vascular albumin permeation changes in ocular tissues, aorta, sciatic nerve, and kidney of rats with very mild diabetes is of interest because of its implications regarding the pathogenesis of diabetic complications as well as for current investigations addressing the feasibility of preventing late complications of diabetes by normalisation of blood glucose levels. The HbAt values suggest that time-averaged blood glucose levels were considerably higher than the plasma glucose levels shown in Table 1 which are minimally elevated relative to the control rats. On the other hand, the minimal increase in plasma glucose levels during an i.v. glucose tolerance test, the normal food consumption and body weight gain, and the minimal increase in urine volume (together with minimal glycosuria) are all consistent with the likelihood that plasma glucose levels rarely exceeded the renal threshold, which in the rat appears to be in the range of 11-14mmol/1 [107] . This would correspond to plasma glucose levels commonly observed in human diabetic patients.
The lower plasma insulin levels in mildly diabetic rats vs control rats at all times during the i.v. glucose tolerance test indicate that these rats are slightly insulinopoenic. This impairment of insulin secretion in response to a glucose load is consistent with the moderate degranulation of B cells observed in aldehyde fuchsin stained sections (Fig. 3) . Thus, the human counterparts of this animal model of mild diabetes would include: (1) non-insulin-requiting diabetes associated with mild insulin deficiency rather than insulin resistance, and (2)the early stage of Type1 (insulin-dependent) diabetes preceding the onset of severe hyperglycaemia and ketosis.
